The roles of the phytotoxin coronatine (COR) and salicylic acid (SA)-mediated defenses in the interaction of Pseudomonas syringae pv. tomato DC3000 and tomato (Solanum lycopersicum) were investigated. Unlike findings reported for Arabidopsis thaliana, DC3000 mutants impaired for production of COR or one of its components, coronafacic acid (CFA) or coronamic acid (CMA), induced distinctly different disease lesion phenotypes in tomato. Tomato plants inoculated with the CFA -CMAmutant DB29 showed elevated transcript levels of SlICS, which encodes isochorismate synthase, an enzyme involved in SA biosynthesis in S. lycopersicum. Furthermore, expression of genes encoding SA-mediated defense proteins were elevated in DB29-inoculated plants compared with plants inoculated with DC3000, suggesting that COR suppresses SlICS-mediated SA responses. Sequence analysis of SlICS revealed that it encodes a protein that is 55 and 59.6% identical to the A. thaliana ICS-encoded proteins AtICS1 and AtICS2, respectively. Tomato plants silenced for SlICS were hypersusceptible to DC3000 and accumulated lower levels of SA after infection with DC3000 compared with inoculated wild-type tomato plants. Unlike what has been shown for A. thaliana, the CORmutant DB29 was impaired for persistence in SlICSsilenced tomato plants; thus, COR has additional roles in virulence that are SA independent and important in the latter stages of disease development. In summary, the infection assays, metabolic profiling, and gene expression results described in this study indicate that the intact COR molecule is required for both suppression of SA-mediated defense responses and full disease symptom development in tomato.
Plants have evolved various defense mechanisms to deal with the majority of potential microbial pathogens, and extensive progress has been made in understanding plant defense signaling pathways (Eulgem 2005; Katagiri 2004 ; Kunkel and Brooks 2002) . The endogenous signaling molecules salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) play major roles in the activation of defense responses to microbial pathogens (Dong 1998; Glazebrook 2005; Thomma et al. 2001) . The roles of SA-, JA-, and ET-mediated signaling pathways vary in different plant-pathogen interactions (Kunkel and Brooks 2002; Lund et al. 1998; O'Donnell et al. 2003 ; Thomma et al. 2001) . Mutual antagonism between the SA and JA pathways has been well documented Spoel et al. 2003; Thaler et al. 2002; Thomma et al. 2001 ). However, it is important to note that the interactions of JA and SA can also be synergistic (Imanishi et al. 2000; Mur et al. 2006 ); furthermore, spatial and temporal distribution can impact the outcome of JA-SA interactions (Truman et al. 2007 ).
SA-mediated defense signaling activates the expression of certain classes of pathogenesis-related (PR) proteins and results in defense against a number of pathogens (Delaney et al. 1994; Kunkel and Brooks 2002; Ryals et al. 1996; Shah 2003) . In Arabidopsis thaliana, mutations that interfere with SA-mediated signaling or SA biosynthesis cause enhanced susceptibility to biotrophic pathogens, including Pseudomonas syringae (Cao et al. 1994; Delaney et al. 1994; Durner et al. 1997; Nawrath and Métraux 1999) . Furthermore, it is well documented that expression of nahG (a gene encoding salicylate hydroxylase that degrades endogenous SA to catechol) in tobacco, tomato (Solanum lycopersicum), and A. thaliana compromises the resistance of these plants to several pathogens (Delaney et al. 1994; Glazebrook et al. 1996; Li et al. 2002; Oldroyd and Staskawicz 1998) . Furthermore, Wildermuth and associates (2001) demonstrated that isochorismate synthase-mediated SA biosynthesis is required for pathogeninduced local and systemic resistance in A. thaliana.
Pathogens have evolved complex mechanisms to evade plant defense responses and cause disease in susceptible host plants (Abramovitch and Martin 2004; Espinosa et al. 2003; Jakobek et al. 1993; Uppalapati et al. 2004) . P. syringae pv. tomato DC3000, which causes bacterial speck disease of tomato, A. thaliana, and Brassica spp., produces a plethora of virulence factors and effector proteins to suppress plant defense responses and promote disease physiology (Abramovitch and Martin 2004; Buell et al. 2003; Kunkel and Chen 2005; Mudgett 2005) . To better understand the role of virulence factors in the suppression of plant defense responses, we have been studying the role of coronatine (COR), a non-host-specific phytotoxin, in P. syringae pathogenesis. The COR molecule consists of two components, coronafacic acid (CFA) and coronamic acid (CMA) (Bender et al. 1999) . COR functions as a structural and functional analogue of JA and related signaling compounds, such as methyl jasmonic acid (MeJA), JA-isoleucine, and 12oxo-phytodienoic acid, the C 18 precursor of JA/MeJA (Feys et al. 1994; Laurie-Berry et al. 2006; Weiler et al. 1994) . COR is known to activate JA biosynthesis and JA-mediated signaling in both A. thaliana and tomato (Brooks et al. 2005; Thilmony et al. 2006; Uppalapati et al. 2005; Zhao et al. 2003) .
COR plays several important roles during P. syringae pathogenesis. Recent studies demonstrate that COR facilitates the entry of P. syringae into A. thaliana tissue by suppressing the closure of stomata, a basal defense response induced upon microbial attack (Melotto et al. 2006) . COR also is required for growth and persistence in plant tissue (Bender et al. 1987; Brooks et al. 2004; Elizabeth and Bender 2007; Mittal and Davis 1995) . It has been proposed that COR-induced JA signaling is required to promote in planta growth and for suppression of SA-dependent defenses in A. thaliana and tomato (Block et al. 2005; Brooks et al. 2005; Kloek et al. 2001; Laurie-Berry et al. 2006; Zhao et al. 2003) . Consistent with this hypothesis, the growth of COR mutants is fully restored in A. thaliana lines deficient for SA accumulation (Brooks et al. 2005 ), suggesting that COR is required for overcoming SAmediated defenses. Additionally, COR is required for the development of typical bacterial speck lesions in A. thaliana, even in situations where growth of the COR-defective strains is similar to the levels achieved by wild-type DC3000 (Brooks et al. 2005) . These studies, which involved the comparison of mutants defective in CFA, CMA, or COR synthesis, also revealed that neither CFA nor CMA alone contributes significantly to virulence in A. thaliana (Brooks et al. 2004) .
The roles of COR, CFA, and CMA during pathogenesis of DC3000 on tomato are not well understood. Unlike what has been reported for A. thaliana, a previous study using purified compounds (Uppalapati et al. 2005) suggested that CFA, CMA, and COR may play individual roles in interactions with tomato. Additionally, the defense-signaling pathways in tomato and A. thaliana are modulated differently (Brading et al. 2000; Leon et al. 2001; Lim and Kunkel 2005) . Thus, COR may function differently in tomato and A. thaliana, and the nature of this difference warrants further investigation. Furthermore, it is unwise to base our understanding of COR function on the analysis of a single host species. To investigate the importance of COR, CFA, and CMA in pathogenic interactions between DC3000 and tomato, we utilized a set of well-defined COR biosynthetic mutants (Brooks et al. 2004 ) that are defective in production of CFA (DB4G3; cfa6::Tn5), CMA (AK7E2; cmaA::Tn5), and COR (DB29; cfa6-cmaA double mutant). Tomato lines that were compromised for SA biosynthesis were developed by silencing the gene encoding isochorismate synthase (ICS, a gene implicated in SA biosynthesis in A. thaliana) using virus-induced gene silencing (VIGS). Results obtained from virulence assays, metabolic profiling, and gene expression studies indicate that the intact COR molecule is required for suppression of SA-mediated defense responses, the formation of typical disease symptoms, and persistence of DC3000 in tomato.
RESULTS

Role of COR, CFA, and CMA in pathogenesis.
The bacterial population dynamics and disease phenotype of tomato plants (cv. Glamour) spray inoculated with COR biosynthetic mutants were investigated to determine the role of COR, CFA, and CMA in pathogenesis. Spray-inoculated plants were incubated in growth chambers with high relative humidity (RH) (90 to 100%) for the first 24 h and approximately 70% RH for the remainder of the experimental period. The wildtype DC3000 and COR-defective mutants showed similar growth characteristics in tomato cv. Glamour from 0 to 3 days postinoculation (dpi) ( Fig. 1A) . However, at 6 dpi, there was a significant difference in the population of DC3000 and the CORmutants (Fig. 1A) . The CORmutants exhibited reduced persistence compared with DC3000, and the double mutant DB29 (cfa6-cmaA, CFA -CMA -) was more impaired in its ability to persist compared with the single mutants (Fig. 1A) . The inability of the three mutants to maintain a high population density at 6 dpi indicates that both components of COR are important for pathogen persistence in tomato tissue.
The wild-type DC3000 strain elicited typical bacterial speck symptoms on tomato, which consisted of dark brown, necrotic lesions surrounded by yellow, chlorotic halos (Fig. 1B) . The three CORmutants exhibited distinctly different disease lesion phenotypes on tomato ( Fig 1C-E) . For example, AK7E2 (CFA + CMA -) induced a small number of necrotic lesions, and these were surrounded by chlorotic halos (Fig. 1C ). In contrast, DB4G3 (CFA -CMA + ) induced numerous small necrotic lesions that lacked chlorotic halos ( Fig. 1D ). Tomato plants inoculated with DB29 (CFA -CMA -) did not show any visible symptoms ( Fig. 1E ). Thus, both components of COR (e.g., CFA and CMA) contribute differentially to symptom development in tomato.
COR stimulates JA signaling in tomato.
The virulence assays described above (Fig. 1 ) demonstrated that the intact COR molecule is required for full symptom development in tomato. Previous results obtained using a CORmutant (Ma et al. 1991) and Northern blot analysis suggested that COR stimulates the JA pathway in tomato (Zhao et al. 2003) , similar to what has been observed in A. thaliana (Block et al. 2005; Brooks et al. 2005; Schmelz et al. 2003; Thilmony et al. 2006) . To further investigate the role of COR in tomato, plants were inoculated with DC3000 and the biochemically defined CORmutant DB29, and real-time quantitative polymerase chain reaction (qPCR) was used to follow the expression of LOXD (Heitz et al. 1997) and PI-II (Pena-Cortes et al. 1995) , which are involved in JA biosynthesis and production of JA-inducible serine proteinase inhibitors, respectively. In DC3000-inoculated plants, the expression of LOXD ( Fig. 2A ) and PI-II ( Fig. 2B ) was induced to relatively high levels when compared with mock-inoculated plants. However, in plants inoculated with DB29, induction of LOXD ( Fig. 2A ) and PI-II ( Fig. 2B ) was much lower than in plants inoculated with DC3000, thus confirming that COR stimulates JA signaling in tomato.
COR downregulates SA-dependent defenses in tomato.
Recently, Brooks and associates (2005) used a set of defined CORmutants (DB4G3, AK7E2, and DB29) to show that COR contributes to P. syringae virulence by suppressing SAmediated defense responses in A. thaliana, a finding later confirmed by Thilmony and associates (2006) . In tomato, the role of COR in suppressing SA-mediated defenses has been suggested (Zhao et al. 2003) , but not confirmed using biochemically defined CORmutants. In the current study, tomato was inoculated with DC3000 and DB29, and the expression of the SA-dependent PR genes PR-1b and PR-2b (Brading et al. 2000; Vidya et al. 1999; Zhao et al. 2003 ) was monitored by real-time qPCR. In tomato plants inoculated with DC3000, expression of PR-1b and PR-2b was significantly lower than in DB29-inoculated leaves ( Fig. 2C and D) , which supports a role for COR in suppressing SA-dependent defenses in tomato.
COR suppresses SA biosynthesis and expression of pathogen-inducible SlICS.
The real-time qPCR experiments described above ( Fig. 2C and D) did not indicate whether COR suppresses PR gene expression by interfering with SA accumulation or with SAmediated signaling. This was explored by quantifying SA levels in plants inoculated with DC3000 and the CORmutant DB29. Inoculation of tomato plants with DC3000 resulted in an increase in SA levels (Fig. 3A) , similar to what has been reported for P. syringae-infected A. thaliana (Nawrath and Metraux 1999; Schmelz et al. 2003) . Tomato plants inoculated with DB29 contained significantly higher levels of SA than those inoculated with the wild-type DC3000 (Fig. 3A) , thus indicating that COR inhibits SA accumulation in tomato.
In A. thaliana, the biosynthesis of SA during pathogenesis requires ICS1, which encodes isochorismate synthase (Wildermuth et al. 2001 ). As described above, SA is produced during the infection of tomato by DC3000, and the production of Fig. 1 . Population dynamics and disease phenotypes of Pseudomonas syringae pv. tomato DC3000 and coronatine (COR) biosynthetic mutants in wild-type (cv. Glamour) tomato plants. A, Internal bacterial populations in plants spray inoculated with DC3000, AK7E2 (CFA + CMA -; cmaA::Tn5), DB4G3 (CFA -CMA + ; cfa6::Tn5), and DB29 (COR -CFA -CMA -; cfa6-cmaA double mutant). The errors bars indicate the standard deviation, and each assay was done at least three times with similar results. B through E, Symptoms on tomato plants spray inoculated with B, DC3000; C, AK7E2; D, DB4G3; and E, DB29. Photos were taken at 6 days postinoculation. COR by DC3000 decreased the level of SA relative to that present in DB29-inoculated plants (Fig. 3A ). However, it was not clear whether the biosynthesis of SA in tomato was modulated via ICS during pathogenesis. This was investigated by monitoring expression of the tomato (S. lycopersicum) homologue of ICS (SlICS) using real-time qPCR. Consistent with observations that DB29-inoculated plants accumulated increased amounts of SA ( Fig. 3A ) and SA-dependent PR transcripts ( Fig. 2C and D) , the expression of SlICS was approximately twofold higher in leaves inoculated with DB29 compared with DC3000 ( Fig. 3B ). The correlation between SA accumulation and SlICS expression ( Fig. 3A and B) suggests that SlICS mediates pathogen-induced SA accumulation in tomato.
In A. thaliana, two ICS genes were reported; however, only AtICS1 is implicated in pathogen-induced SA biosynthesis (Wildermuth et al. 2001) . To investigate whether the SlICS transcript monitored during pathogenesis of tomato encodes a functional, full-length ICS and whether multiple transcripts of ICS exist in tomato, rapid amplification of cDNA ends (RACE)-PCR was utilized. RACE-PCR of the cDNA isolated from pathogen-or mock-inoculated tomato tissues indicated the presence of one full-length transcript (data not shown). Sequence analysis of the cDNA showed that SlICS encodes a protein of 580 amino acid residues ( Supplementary Fig. S1 ; GenBank accession number DQ984132). SlICS is highly related to ICS proteins from Capsicum annuum and Catharanthus roseus, which showed 91.7 and 58.8% amino acid identity to SlICS, respectively. Furthermore, SlICS showed 55 and 59.6% identity to AtICS1 and AtICS2 from A. thaliana, respectively.
SA is required for defense responses in tomato inoculated with DC3000.
Previous studies using A. thaliana sid2 mutants, which carry a mutation in ICS1, provided direct genetic evidence for the role of ICS1-mediated SA accumulation in plant defense (Heck et al. 2003; Nawrath and Metraux 1999; Wildermuth et al. 2001). To investigate the functional role of SlICS in DC3000-tomato interactions, VIGS was used for transient knockdown of SlICS in tomato cv. Glamour. A partial tomato expressed sequence tag (440 bp; GenBank accession number DQ149918) was generated using primers based on known plant ICS genes (see Methods) and cloned into Tobacco rattle virus (TRV)-based VIGS vectors (Liu et al. 2002) . The resulting construct was used to infect tomato, and several plants were infected with an empty vector control (TRV:00) for comparison. Silencing of SlICS in tomato occasionally resulted in a variegated leaf phenotype, with leaves exhibiting pale green patches (data not shown). To check the efficiency of silencing, the relative inhibition of SlICS transcripts was quantified 2 to 3 weeks postsilencing by semiquantitative reverse-transcriptase (RT)-PCR and the intensities of the PCR products were quantified ( Fig. 4 ). Using this approach, SlICS mRNA levels were substantially lower (approximately 70%) in leaf tissue collected from the second and third leaflets of the TRV::SlICS plants compared with TRV:00 plants ( Fig. 4 ). It is important to mention that the apical leaflets showed more silencing due to systemic VIGS; therefore, the second and third leaves located beneath the apical leaf were used for all pathogen assays.
TRV:00 and TRV::SlICS tomato lines were either mock-inoculated or infected with DC3000 and analyzed for SA levels. SA accumulation was similar in mock-inoculated TRV:00 and TRV:SlICS plants (Fig. 5A ). However, when inoculated with DC3000, SA levels were significantly lower in TRV::SlICS lines compared with TRV::00 plants (Fig. 5A) . These results indicate that SlICS modulates SA accumulation in tomato lines inoculated with P. syringae, thus confirming the validity of using TRV::SlICS lines in the experiments described below.
The contribution of SlICS-mediated SA to symptom development was investigated by spray inoculating TRV:00 (mock control) and SlICS-silenced plants with DC3000. Both TRV::00infected and SlICS-silenced tomato leaves developed bacterial speck lesions when inoculated with DC3000 ( Fig. 5E and H) . Interestingly, the progression of the disease was faster and enhanced in SlICS-silenced plants, which developed large coalescing lesions by 6 dpi (Fig. 5H ) compared with TRV::00infected plants (Fig. 5E ). These results suggest that SA may function to limit the severity of bacterial speck disease in tomato.
To explore whether the accelerated symptom development in SlICS-silenced plants was correlated with increased bacterial growth, the population of DC3000 in TRV::00-and TRV::SlICS-infected tomato lines was monitored over time. At 1 dpi, the population of DC3000 was approximately 50-fold higher in TRV::SlICS plants compared with TRV::00 lines ( Fig. 5B ). Although the population of DC3000 was consistently higher on TRV::SlICS tomato lines than the control (TRV::00) at 2 and 3 dpi, there was no significant difference at 4 dpi (Fig. 5B) . Interestingly, very low numbers of DC3000 cells were recovered from TRV::SlICS tissues showing severe necrosis (data not shown). Collectively, the accelerated disease progression and the ability of DC3000 to multiply to high levels on TRV::SlICS plants in the initial stages of infection indicate that SA functions to limit DC3000 colonization in tomato.
ICS-mediated SA is involved in pathogen-induced PR-1b expression.
We then investigated whether SlICS-silenced plants were compromised in SA-dependent PR gene expression. The level of PR-1b expression in TRV::00-infected plants was higher in plants challenged with DB29 compared with DC3000-inoculated plants (Fig. 6, compare lanes 2 and 3) . PR-1b expression generally was lower in SlICS-silenced plants inoculated with lanes 1 and 3) and third (lanes 2 and 4) leaves below the apical leaf. Plants were infected with TRV::00 (vector control) or TRV::SlICS and analyzed by semiquantitative RT-PCR 3 weeks post agroinoculation. The PCR product for primers specific to α-tubulin 4 (α-TUB) was used as a loading control. DC3000 and DB29 (Fig. 6, lanes 4 to 7) . It is important to note that the RNA shown in Figure 6 was isolated from independent leaf tissues, and silencing varied among different leaves; thus, some leaves showed low levels of PR-1b expression (Fig. 6 , lane 5). Overall, these results indicate that SlICS-silenced plants were compromised in SA-dependent PR gene expression.
COR is required for pathogen fitness and disease development.
The CORmutant DB29 was impaired in its ability to induce disease and maintain high population densities in tomato cv. Glamour (Fig. 1A and E ). This prompted us to ask whether a reduction in SA levels could restore virulence and persistence to DB29, a question that was investigated using SlICSsilenced lines of tomato. Neither TRV::00 nor TRV::SlICS plants spray inoculated with DB29 developed typical disease symptoms ( Fig. 7B and C) . At 6 dpi, DB29 was unable to persist at high levels in TRV::00 (vector control) or TRV::SlICS plants (Fig. 7A) . Thus, the elimination of pathogen-inducible SA did not restore persistence to DB29 in tomato cv. Glamour, which is different from results obtained in A. thaliana (Brooks et al. 2005) . Fig. 5 . Salicylic acid (SA) levels, bacterial growth, and symptom production in DC3000-inoculated TRV::00 and SlICS-silenced tomatoes (cv. Glamour). A, SA levels in TRV::00 and TRV::SlICS plants. SA was quantified using gas chromatography-mass spectrometry as described in Methods. B, Growth of DC3000 in TRV::00 and TRV::SlICS plants. The total bacterial population was estimated by collecting leaf discs at various time points from areas where maximum silencing was observed based on a slightly variegated phenotype. All treatments were examined in at least three separate experiments. Error bars in panels A and B represent the standard deviation of four independent samples. C through H, Symptoms produced by DC3000 on C through E, TRV::00 and F through H, TRV::SlICS plants at 2, 3, and 6 days post inoculation (dpi).
DISCUSSION
In this study, well-defined COR biosynthetic mutants were used to study the role of COR in disease development and suppression of SA-mediated defense responses. The results indicate important differences for COR and its components (CFA and CMA) in the interaction of DC3000 with tomato compared with A. thaliana. In tomato, mutant strains AK7E2 and DB4G3 induced distinct disease lesion phenotypes, unlike A. thaliana (Brooks et al. 2004 ). The CFA + CMAmutant AK7E2 induced a small number of chlorotic bacterial specks on tomato (Fig. 1C) . Because the exogenous application of CFA to tomato does not induce visible chlorosis (Uppalapati et al. 2005) , the chlorotic lesions observed in AK7E2-inoculated plants may be due to the production of coronafacoyl amide conjugates such as coronafacoylisoleucine and coronafacoylvaline; these conjugates are less toxic than COR but still induce chlorosis (Mitchell 1984; Mitchell and Ford 1998; Uppalapati et al. 2005) . The CFA -CMA + mutant DB4G3 produced necrotic lesions lacking chlorotic halos, although the lesion size was reduced compared with DC3000 ( Fig. 1D ). Because exogenous CMA is known to induce some JA-responsive genes in tomato (Uppalapati et al. 2005) , it remains possible that DB4G3 produced CMA that becomes conjugated to JA (Staswick and Tiryaki 2004; Uppalapati et al. 2005) , and CMA-JA conjugates may alter the host physiology and contribute to the disease phenotype. In summary, results obtained using biochemically defined CORmutants indicate that neither CFA nor CMA alone is sufficient to cause full disease symptoms in tomato, and that each molecule may contribute individually to symptom development. Melotto and associates (2006) recently demonstrated that bacterial multiplication was impaired in A. thaliana plants dip inoculated with a CORmutant. This multiplication defect was observed in the early stages of infection (3 dpi) and was not observed in plants inoculated with the wild-type COR-producing DC3000. Melotto and associates (2006) provide compelling evidence that COR suppresses stomatal-mediated defense mechanisms, thus facilitating the entry of pathogenic bacteria into the plant. In our study, a difference in the initial multiplication of COR + and CORbacteria was not observed; instead, CORbacteria were impaired in their ability to persist in planta in the later stages of infection (e.g., 6 dpi). A persistence defect was observed previously in A. thaliana plants vacuum infiltrated with the CORmutants used in the present study (Brooks et al. 2004 ). Although we did not see the entry defect described by Melotto and associates (2006) , it is important to note that the methods used for inoculation and the environmental conditions in the early stages of infection were different in our study and similar to those used by Brooks and associates (2005) . Thus, our infection methods may have impacted the bacterial population and possibly masked the function of COR in initial entry.
Our results using well-defined CORmutants further demonstrate that COR activates the JA pathway in tomato ( Fig. 2A  and B) , which also has been reported for tomato treated with exogenous COR (Uppalapati et al. 2005) . A popular theory is that COR functions as analogue of JA and antagonizes SA-mediated defense responses (Kloek et al. 2001; Zhao et al. 2003 ). In the present study, SA accumulation and PR gene expression were higher in tomato leaves inoculated with the COR-defective mutant DB29 compared with DC3000-infected tissue. Thus, our results support the hypothesis that COR functions to suppress SA and SA-mediated defenses in tomato (Figs. 2 and 3) .
To further evaluate the role of SA in DC3000-tomato interactions, we initially used tomato lines expressing NahG (Brading et al. 2000) , which encodes salicylate hydroxylase. NahG degrades salicylate to catechol and has been widely used to evaluate the role of SA in plant-microbe interactions. Unlike the parental line Moneymaker, which developed typical bacterial speck lesions in response to DC3000 ( Supplementary   Fig. 6 . Northern blot analysis of PR-1b expression in TRV::00 or TRV::SlICS tomato lines inoculated with Pseudomonas syringae pv. tomato. Total RNA was isolated from TRV::00 plants (lanes 1 to 3) or TRV::SlICS lines (lanes 4 to 7) 24 h after inoculation with water (MC, mock control), DC3000 (DC), or DB29 (DB). To check the uniformity and efficiency of SlICS silencing, leaves were harvested from two independent pathogen-inoculated plants (designated lines #1 and #2) 2 weeks after infection with TRV::SlICS. Northern blots were probed with PR-1b-specific cDNAs. Fig. S2 ), NahG tomato plants exhibited aberrant symptoms when inoculated with DC3000. In contrast, DB29 failed to induce lesions on Moneymaker or NahG plants. DC3000 and DB29 colonized NahG tomato at similar, high levels during the first 3 dpi; however, the population of DB29 was slightly lower than DC3000 at 6 dpi. Thus, results obtained with NahG tomato plants did not lead to meaningful conclusions regarding the role of COR in disease development and SA-mediated defense.
It has been reported that the catechol generated in NahG lines of A. thaliana can interfere with nonhost resistance (van Wees and Glazebrook 2003) . Furthermore, NahG tomato plants are known to form spontaneous necrotic lesions in a temperature-dependent manner (Li et al. 2002) , thus confounding conclusions regarding the role of SA. Mutant plant lines defective in SA biosynthesis, such as the ICS1 lines of A. thaliana, offer an attractive alternative for assessing the role of SA in plantmicrobe interactions (Brooks et al. 2005; Heck et al. 2003; Huang et al. 2005; Wildermuth et al. 2001 ). In the present study, we cloned and transiently silenced ICS in tomato; although two orthologs of ICS were reported in A. thaliana (Wildermuth et al. 2001 ), a second copy of ICS was not recovered from tomato by RACE. However, regardless of whether a second copy exists, the SlICS-silenced tomato lines accumulated lower levels of SA (Fig. 5A) , exhibited reduced expression of SA-mediated PR proteins (Fig. 6) , and were more susceptible to DC3000 infection (Fig. 5H ) compared with TRV::00-infected plants.
These results indicate that SA or SA-mediated defense responses function to limit either the growth or virulence of DC3000.
One of the hallmarks of P. syringae pv. tomato disease development on tomato leaves is the formation of necrotic lesions surrounded by chlorosis. The most prominent symptom observed in leaves treated with COR or infected with COR-producing strains of P. syringae is an intense spreading chlorosis (Gnanamanickam et al. 1982; Palmer and Bender 1995; Uppalapati et al. 2005; Zhao et al. 2003) . In a previous study, Mach and associates (2001) demonstrated that purified COR triggered accelerated cell death in acd2 mutants of A. thaliana. Acd2 encodes a red chlorophyll catabolite reductase, which suppresses the spread of disease symptoms in A. thaliana (Mach et al. 2001 ). Based on these results and our observations that DB29 failed to cause symptoms on SlICS lines, it is tempting to speculate that, along with defense suppression (Block et al. 2005; Brooks et al. 2005; Kloek et al. 2001; Laurie-Berry et al. 2006; Melotto et al. 2006; Zhao et al. 2003) , CORinduced chlorosis may promote cell death in tomato.
It also is plausible that the absence of COR compromises other aspects of the virulence machinery in DC3000. For example, COR or COR-dependent signals may help DC3000 enter the necrogenic phase and promote the formation of typical disease lesions in tomato. Several studies have demonstrated cross-talk between COR and the type III secretion system (TTSS) in DC3000 (Boch et al. 2002; Fouts et al. 2002; He et al. 2004; Peñaloza-Vázquez et al. 2000; Sreedharan et al. 2006; Thilmony et al. 2006; Zhao et al. 2003) . Thus, the onset of the necrogenic phase may involve a coordinated regulation of COR and proteins secreted by the TTSS in DC3000. Studies designed to investigate gene expression in both the host and pathogen will further elucidate the function of COR in pathogen fitness and pathogenesis.
MATERIALS AND METHODS
Plant material.
Seed of tomato cv. Glamour were obtained from Stokes Seeds, Inc. (Buffalo, NY, U.S.A.); seed of cv. Moneymaker and the NahG transgenic line (Brading et al. 2000) were kindly provided by J. Jones (Sainsbury Laboratory, John Innes Centre, Norwich, U.K.). Plants were grown from seed in Scott-200 mix (The Scotts Co., Marysville, OH, U.S.A.) in 10-cm-diameter plastic pots and maintained in growth chambers (24°C, 40 to 70% RH, 12-h photoperiod, photon flux density 150 to 200 μmol m -2 s -1 ). Inoculation assays were conducted on 4-weekold plants.
Bacterial strains and pathogen infection assays.
P. syringae pv. tomato DC3000 and mutants AK7E2 (CFA + CMA -; cmaA::Tn5), DB4G3 (CFA -CMA + ; cfa6::Tn5), and DB29 (CFA -CMA -; cfa6-cmaA double mutant) (Brooks et al. 2004 ) were grown at 28°C on King's B medium (KB) (King et al. 1954) . Antibiotics were added to media in the following concentrations: rifampicin at 100 μg/ml, kanamycin at 25 μg/ml, and spectinomycin at 25μg/ml.
In pathogen infection assays, 4-week-old tomato plants were spray inoculated to runoff with a bacterial suspension (optical density at 600 nm [OD 600 ] = 0.2) in distilled water containing 0.0025% Silwet L-77 (OSi Specialties Inc., Danbury, CT, U.S.A.). The inoculated plants then were incubated in growth chambers at 90 to 100% RH for the first 24 h and at approximately 70% RH for the rest of the experimental period. High humidity was achieved by placing a cool mist humidifier (ReliOn, 2 gallons/day) in the growth chamber. Although bacterial cell concentrations were determined routinely based on turbidity, the actual number of bacterial cells on spray-inoculated leaves initially was determined by harvesting leaves and plating to selective media. The CFU measurement determined in this manner was used to quantify the initial inoculum concentration at 0 dpi (Fig. 1A) . Pathogen colonization was monitored by estimating the internal bacterial population of inoculated leaves at 0, 1, 3, and 6 dpi. To estimate internal populations, leaves were surface sterilized with 15% H 2 O 2 for 5 min to eliminate epiphytic bacteria, washed three times with sterile distilled water, and then homogenized in distilled water. Quantification of total bacteria in DC3000-inoculated TRV::00 and TRV::SlICS lines was performed by collecting leaf discs at various times after inoculation. Leaf discs were sampled from areas where maximum silencing was observed based on the slight variegated phenotype (data not shown). Leaf discs then were homogenized in sterile distilled water, and a dilution series (100-μl aliquots) was plated on KB medium supplemented with the appropriate antibiotics. All treatments were examined in at least three separate experiments. Disease symptoms were evaluated visually 3, 4, and 6 days after inoculation.
pTRV:: SlICS-vector construction and VIGS.
The vectors pTRV1 and pTRV2 VIGS (Liu et al. 2002) were kindly provided by S. P. Dinesh-Kumar, Yale University, New Haven, CT, U.S.A. A 440-bp fragment of SlICS (GenBank accession number DQ149918) was amplified from tomato (cv. Glamour) by RT-PCR using primers pSlICSattB1: 5′-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CGC CGG CAT TCA TTG GAA ACA-3′ and pSlICSattB2: 5′-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTA AAG CCC GTG CAT CTT CTG T-3′. The PCR-amplified gene fragments were introduced into GATEWAY-ready pTRV2 (Liu et al. 2002) . TRV::LePDS (PDS encodes phytoene desaturase) was used as a positive control for VIGS and has been described previously (Ryu et al. 2004) . The inserts and PCR fragments were verified by sequencing. Plasmids were introduced into Agrobacterium tumefaciens GV2260 (An 1987) by electroporation.
A combination of improved Agrodrench (Ryu et al. 2004 ) and seedling infiltration (Ekengren et al. 2003 ) methods were used to introduce transformed A. tumefaciens derivatives (strain GV2260 harboring different pTRV2-VIGS constructs and pTRV1) into tomato plants. A. tumefaciens cultures containing pTRV1 and pTRV2-VIGS were grown overnight on Luria-Bertani medium (Sambrook et al. 1989 ) at 28°C with antibiotic selection (rifampicin and kanamycin at 50 μg/ml each). Bacterial cells were harvested and resuspended in induction medium (10 mM MgCl 2 , 10 mM MES, pH 5.6) supplemented with 150 μM acetosyringone and incubated at room temperature on an orbital shaker for 5 to 6 h. The acetosyringoneinduced bacterial cultures containing pTRV1 and pTRV2-VIGS then were mixed in equal ratios (OD 600 = 1.0), and a combination of Agroinfiltration (Ekengren et al. 2003) and Agrodrench (Ryu et al. 2004 ) was used for VIGS. Approximately 30 to 35 plants were used for each experiment and were inoculated with empty vector (TRV::00; 5 plants), TRV::SlICS (20 to 25 plants), or TRV::LePDS (5 plants). A photobleaching phenotype was observed on the leaves of the PDS-silenced plants at 2 to 3 weeks postinfection ( Supplementary Fig. S3 ), indicating that gene silencing by VIGS was effective. The experiment was repeated at least three times.
Cloning of full-length SlICS and semiquantitative RT-PCR.
To facilitate the cloning of ICS from S. lycopersicum, two primers, 5′-TCG CCG GCA TTC ATT GGA AAC A-3′ and 5′-AAA GCC CGT GCA TCT TCT GT-3′, were designed based on conserved regions of ICS genes from Nicotiana tabacum (GenBank AY740529 and AB182580), Capsicum annum (GenBank AY743431), and Solanum pennellii (GenBank AW398687). To enrich for ICS transcripts, total RNA was isolated from S. lycopersicum cv. Glamour leaves 24 h after inoculation with DB29. RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA, U.S.A.) and treated with RNase-free DNase I as recommended (Promega Corp., Madison, WI, U.SA). Specific 5′ and 3′ RACE primers then were designed based on a 440-bp tomato expressed sequence tag (GenBank accession number DQ149918), and the FirstChoice RNAligase-mediated RACE kit (Ambion, Inc., Austin, TX, U.S.A.) was used to clone full-length ICS from S. lycopersicum. Two primers were designed for 5′-RACE: 5′-GAT CCA GAA GCT CTG ATC CA-3′ and 5′-CTA AAG CCT CAC TAC AAA TGC T-3′; the primers for 3′-RACE were 5′-GTA TCC TAC AGA AGA TGC ACG G-3′ and 5′-GAT ATT GTC ATC CGT GCA CCC T-3′. The RACE products were cloned into pGMET (Promega Corp.) and sequenced. Based on the RACE fragment sequences, a pair of primers (5′-ATC TTA ATG GCT GTA GGT GTA AGG CAC T-3′ and 5′-GAG GTG CCT CAA GTT TCA TCA ATT TG-3′) then was designed, spanning the untranslated regions to PCR amplify a full-length cDNA, which was cloned into pGMET and sequenced. The full-length cDNA sequence for SlICS was submitted to GenBank (DQ984132). Multiple sequence alignments of ICS proteins were performed using ClustalW and online resources available at Biology Workbench. MView was used for calculation of percentage identities among ICS sequences (Brown et al. 1998) .
Semiquantitative RT-PCR was conducted with cDNA generated as described for real-time qPCR. For semiquantitative RT-PCR, 1 μl of first-strand cDNA (diluted 1:50 in reaction buffer) was amplified using Taq DNA polymerase (Promega Corp.). To confirm the amplification of endogenous genes, gene-specific primers that anneal outside the 440-bp region targeted for SlICS silencing were used. PCR amplifications were performed for 25 and 30 cycles, and 10 μl of the PCR product was separated on a 1.5% agarose gel. To check for equal amounts of cDNA in each reaction, PCR was performed with primers specific for the gene encoding α-tubulin 4 (Uppalapati et al. 2005) or EF-1α (5′-ACG CTT GAG ATC CTT AAC CGC AAC ATT CTT-3′ and 5′-TGG TGT CCT CAA GCC TGG TAT GGT TGT-3′). The intensities of PCR products were quantified using Scion Image (version beta 4.0.3; Scion Corporation, Fredrick, MD, U.S.A.).
RNA extraction, PCR, and Northern blot analysis.
Total RNA was purified from tomato seedlings inoculated with DC3000 and DB29 at 24 h postinoculation using TRIzol according to the manufacturer's instructions (Invitrogen). Expression of selected JA-responsive and SA-dependent genes was analyzed using real-time qPCR. Primers were designed using the full-length S. lycopersicum cDNAs available from GenBank (DQ984132). The primers used to amplify PR-1b were 5′-CAC AAA AGT ATG CCA ACT CAA GAG C-3′ and 5′-TCT CCC CAG CAC CAG AAT GAA TC-3′. PR-2b was amplified using 5′-CGA GAT GGT GGG TAC AGA AGA AC-3′ and 5′-CAA GAT TGG AAG TGC CAG TAA CAG G-3′, and SlICS was amplified using 5′-TCG CCG GCA TTC ATT CAT TGG AAA CA-3′ and 5′-AAA GCC CGT GCA TCT TCT GT-3′. α-Tubulin 4, LOXD, and PI-II were amplified using primers described previously (Mysore et al. 2002; Uppalapati et al. 2005) . Primers were designed using Beacon Designer 2.13 software (Premier Biosoft International, Palo Alto, CA, U.S.A.). Melt-curve analysis was performed to monitor primer-dimer formation and to check for amplification of gene-specific products.
cDNA synthesis and real-time qPCR were performed using methods described previously (Uppalapati et al. 2005) . Briefly, 6 μg of total RNA was incubated with DNase I, and cDNA was synthesized using Superscript II reverse transcriptase. cDNA (equivalent to 10 ng of initial RNA) was quantified using gene-specific primers, SYBR Green reagents, and the iCycler iQ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, U.S.A.). Data quantification and analysis was performed using iCycler software (ver. 3.06.6070) and Gene Expression Macro (ver. 1.1) (Bio-Rad) with the algorithms described by Vandesompele and associates (2002) .
The average threshold cycle values were calculated from triplicate samples and used to determine the fold expression relative to the controls. Primers specific for α-tubulin 4 were used to normalize small differences in template amounts.
Semiquantitative RT-PCR was conducted with cDNA generated as described for qPCR. Following RNase-free DNase (RQ1; Promega Corp.) treatment, cDNA was synthesized from 5 μg of total RNA using SuperScript RNase H -RT and oligo dT primers using protocols recommended by the manufacturer (Invitrogen). For semiquantitative PCR, 1 μl of first-strand cDNA (diluted 1:50 in reaction buffer) was amplified using Taq DNA polymerase (Promega Corp.). To confirm the amplification of endogenous genes, gene-specific primers that anneal outside the 440-bp region targeted for SlICS silencing were used. PCR amplifications were performed for 25 and 30 cycles, and 10 μl of the PCR product was separated on a 1.5% agarose gel. To check for equal amounts of cDNA in each reaction, PCR was performed with primers specific for the gene encoding α-tubulin 4 (Uppalapati et al. 2005) or elongation factor 1α (EF-1α 5′-ACG CTT GAG ATC CTT AAC CGC AAC ATT CTT-3′ and 5′-TGG TGT CCT CAA GCC TGG TAT GGT TGT-3′). The intensities of PCR products were quantified using Scion Image (version Beta 4.0.3; Scion Corporation).
Northern blot analysis was carried out as described by Sugimoto and associates (2000) . PR-1b PCR products were generated using gene-specific primers and used for probe preparation. Digoxigenin (DIG)-labeled PR-1b was detected using anti-DIG and visualized with the chemiluminescence substrate, CDP-Star (Roche Applied Science, Mannheim, Germany).
SA quantification.
Tomato leaves (approximately 450 mg) were extracted and analyzed for SA as described by Schmelz and associates (2003) using a quadropole gas chromatography-mass spectrometry system (Agilent, Palo Alto, CA, U.S.A.) connected to a mass selective detector (Agilent) with selective-ion monitoring (SIM, selected ion ± 0.5 mass unit) in positive chemical ionization or electron ionization (EI) mode. SA was separated on a RTx-5 column (30 m by 0.25 mm by 0.25 mm) (Restek, Bellefonte, PA, U.S.A.) using conditions described previously Uppalapati et al. 2005) . SA quantification in SlICS-silenced plants was done in EI mode with SIM. The retention times and mass units of the methyl esters analyzed were: SA-ME (8.35 min, 153/152) and [ 2 H 6 ]SA-ME (8.33 min, 157/156). Isotopically labeled SA was purchased from CDN Isotopes (Pointe-Claire, Quebec, Canada).
